A new class of Erbium doped glasses with compositions xNa 2 O-(60 À x) PbCl 2 -40P 2 O 5 (x = 0, 10, 20 and 30) were fabricated and characterized for optical properties. Absorption spectra were analyzed for important Judd-Ofelt parameters from the integrated intensities of various Er 3+ absorption bands. A systematic correlation between the Judd-Ofelt parameter X 2 and the covalent nature of the glass matrix was observed, due to the increased role of bridging oxygens in the glass network. Photoluminescence (PL) and its decay behavior studies were carried out for the transition 4 I 13/2 ? 4 I 15/2 . The PL broadness and life times were typically in the range of 40-60 nm and 2.13-2.50 ms, respectively. These glasses show high transparency, high refractive index, shorter life times and, most importantly, these glasses were capable of being doped with larger concentrations of Er 3+ (up to 4 wt%). Optical performance of these doped phosphate glasses suggesting the suitability of these glasses for optical fibre/waveguide amplifiers.
Introduction
Incoherent broadband optical sources, particularly in telecommunication window, are widely used in variety of applications which includes fiber-optic gyroscopes and optoelectronic light source for wavelength division multiplexing systems. Though rare-earth doped, individual or co-doped, glass fibers/waveguides are of great promise, the focus has been concentrated mostly on silicate glasses although their amplified spontaneous emission (ASE) bandwidths are limited to few tens of nanometers ($40 nm). Quite recently, rare-earth co-doped fluoride and tellurite glasses have shown ASE with considerably extended bandwidths [1] [2] [3] [4] [5] .
In general, application and utilities of glassy materials are enormous and are governed by the factors like composition, refractive index and dopants/impurities present in the glasses. Moreover, the rare-earth emission in glassy matrix is strongly dependent on crystal field effects, local environment of the rare-earth ion, phonon energies, refractive index and precise details about glass defects (Urbach tails) extended into the band gap. Silicate glasses, mostly being inexpensive, are preferred as host matrix but they have disadvantages such as low refractive index and less rare-earth solubility. Among the other glass hosts, phosphate glasses have been found to be most suitable host for larger rare-earth doping. Significant effects have been made in the recent past in the direction of waveguide and fiber phosphate glass optical amplifier devices [6] [7] [8] . However, current available information on phosphate matrix are still incomplete due to unusual structural characteristics such as high co-ordinations of the elements present and the large number of chemical elements that are being used in the compositions of these glasses. Our recent extensive studies on phosphate glasses reveal the potentiality of these glasses as broadband sources because of their wide region of transparency, moisture and thermal durability and the ability to accept higher percentage of the rare-earths as dopants [9] [10] [11] [12] .
The present paper deals with the absorption and emission properties of Erbium doped Alkali chlorophosphate glass systems. Absorption spectral intensities of Er 3+ transitions in various glass compositions are analyzed by JuddOfelt theory. The results are examined with respect to composition and the Er 3+ ion concentration effects, and a comparison has been made with respect to other reported glass systems.
Experimental
The glass compositions of xNa 2 O-(60 À x) PbCl 2 -40P 2 O 5 (x = 0, 10, 20 and 30) (NPPx) were prepared in batches of 10 g. Stoichiometric amounts of (NH 4 ) 2 HPO 4 , PbCl 2 and NaNO 3 (Analytical grade) (Aldrich Chemical Co., USA) and were taken in a mortar and were mixed and ground thoroughly using spectroscopic grade iso-proponal. Then the mixture was taken into a silica/porcelain crucible and is placed into a furnace. The temperature was raised slowly to 300°C and was maintained for about an hour and then slowly increased up to 600°C, to ensure a complete decomposition of (NH 4 ) 2 HPO 4 into P 2 O 5 . Subsequently the temperature of the mixture was raised to 900°C to get a clear melt. The homogeneity of the product was ensured by repeated stirring of the melt. The bubble free and homogeneous melt was poured on a preheated (around 250°C) brass mould and allowed to cool slowly. Good transparent bulk glasses of dimensions 1 cm Â 2 cm Â 0.2 cm were obtained by this process, and all the glasses were annealed at 200°C for 24 h. The glass samples were polished to the commercial quality using a water free lubricant.
Various glass compositions with 1 wt% of Er 3+ dopant using ErCl 3 were prepared for all glass compositions, mentioned above. Glasses with varying Er 3+ concentration (0.5-4 wt%) for one of the glass composition, NPP20 were also fabricated, to examine the effect of concentration. However, for more than 4 wt% Er 3+ doping, the glass transparency was lost. Similarly when Na 2 O content was increased beyond 40, the glass became opaque and moisture sensitive. All the glasses under the study are wellexposed to moisture for long duration and found to be moisture insensitive and weathering durability.
The absorption spectra were recorded on a PerkinElmer UV-VIS spectrophotometer. A 488 nm wavelength of Ar-ion laser was used as excitation source to record emission characteristics. The excitation power density was 0.5 W/cm 2 . To measure emission and its decay curves, a cooled InGaAs detector, monochromator, mechanical chopper (12 Hz), lock-in amplifier, current amplifier and digital storage oscilloscope were employed. Refractive index measurements for undoped glasses were carried out by Brewster angle setup consisting of He-Ne laser and a detector.
Theory
The molar refractivity (R m ) was calculated by [13] 
where g is the refractive index, M is the molecular weight, q is the density, N A is Avogadro's number and a m is the polarizability of the molecule. Molar volume (V m ) and dielectric constant (e) were obtained using the relations V m = M/q and e = g 2 , respectively. The optical band gap (E opt ) and Urbach Energies were calculated from absorption spectra of undoped glasses, using the relations discussed elsewhere [9] . The experimental oscillator strengths of various absorption spectral transitions of Er 3+ doped glasses were obtained from [14, 15] 
where m and e are the electron mass (in g) and charge (in e.s.u.), respectively, c is the velocity of light and eð mÞ, the extinction coefficient, given by eð mÞ ¼ ð1=C'Þ logðI 0 =IÞ where C is concentration of Er 3+ (in moles/litre), ' is the optical path length (in cm) and logðI 0 =IÞ is the absorptivity.
The oscillator strengths for the transitions were also obtained from Judd-Ofelt theory, as
where r is the mean energy of the transition in cm À1 and T k are the adjustable intensity parameters (The matrix elements are composed of U k ). Since matrix elements of U k are insensitive to ion environment, free-ion matrix elements were taken from literature [15, 16] . The experimental oscillator strengths were fitted by least square analysis to obtain the intensity parameters T k . These parameters subsequently were used to calculate Judd-Ofelt parameters X k (k = 2, 4 and 6) using the expression
where h is Plank's constant, g is refractive index of the medium and (2 J + 1) is the degeneracy of the ground level of the particular ion of interest.
Results and discussion
The physical and optical parameters such as refractive index (g), density (q), molar refractive index (R m ), molar volume (V m ), optical band gap (E opt ) and Urbach energies (DE) for the glasses with various Na 2 O content (at the expense of PbCl 2 ), determined from the experimental data, are shown in Table 1 . The refractive index values show the general trend of decreasing values with the decrease of lead content, except for the glass composition, x = 10. In general, all glasses are optically transparent above 320 nm wavelength and optical band gap (E g ) values are estimated from the undoped glass absorption spectra. These E g values are ranging between 3.50 and 3.70 eV, which are much lower than those values reported for other lead based phosphate glasses [12] . Earlier observations suggest that the introduction of Pb 2+ ions (as oxide) to the phosphate network creates two non-bridging oxygens (NBOs), while the Na + creates single NBOs [17, 18] . Similarly, it is also observed that increase of Na 2 O content considerably shifts the absorption edge to the shorter wavelengths, predominantly due to the creation of less number of NBOs. Contrary to those observations, present lead bearing glasses (of mixed oxide-halide system) show much less optical band gap values and a decreasing trend with the increase in Na 2 O content. This could possibly be due to the influence of double bonded oxygens (DBOs) associated to phosphate network, rather than NBOs [12] . On the other hand, the widths of localized states within the optical band gap (Urbach energies (DE) were also estimated from the absorption spectra of undoped glasses. In the present work these values range between 0.14 and 0.22 eV, which are much closer to those values reported for other phosphate glasses [9] [10] [11] [12] . Such lower values suggest minimum defects, leading to long-range order in the present glass systems.
Spectral intensities of different energy transitions for 1 wt% Er 3+ doped chlorophosphate glasses are analyzed using Eqs. (2-4) . The observed and calculated oscillator strengths for various transitions to the ground state 4 I 15/2 of Er 3+ ions in this glassy matrix are given in Table 2 . Lower RMS values suggest a good agreement between experimental and calculated oscillator strengths. It is also observed that the Er 3+ transitions lower than 350 nm are not observed in these glass systems, due to the cut-off region of absorption (Fig. 1) . In general, the oscillator strengths and positions are sensitive to the environment of the rare-earth sites which are occupied in the glass network [14] . These oscillator strengths are subsequently used to evaluate important intensity parameters (X k (k = 2, 4 and 6)), known as Judd-Ofelt parameters, using Eqs. (2) and (3). In general, the X 2 values for the Ln 3+ ions in glasses are intermediate between crystalline oxides and chelating ligands [19, 20] . Earlier observations suggest that both covalency and site selectivity of rare-earths with non-centrosymmetric potential contributes significantly to X 2 [21] . The other values X 4 and X 6 are dependent on bulk properties such as viscosity and dielectric constant of the media.
On the other hand, hypersensitive nature of rare-earth ion transitions is a characteristic feature, which is strongly dependent on covalency and site asymmetry. Fig. 2A shows the plot between the oscillator strengths of Er 3+ intense transitions of both hypersensitive as well as non-hypersensitive, versus the sum of Judd-Ofelt parameters P X k (k = 2, 4 and 6). As seen from Fig. 2A covalent glasses [9, 21] . In our present study, the observed X 2 values are close to that of the covalent glasses (like phosphates and tellurites) and on the higher side to the values reported for ionic glasses (fluorides and oxyfluorides) [9] . Electronic polarization of materials is widely regarded as one of the most influencing parameter and many physical, linear and nonlinear optical properties of materials are strongly dependent on it. Duffy, Dimitrov and Sakka correlated many independent linear optical entities to the oxide ion polarizability of single component oxides [13, 22] . This polarizability approach, predominantly gives the insight into the strong relation between covalent/ionic nature of materials and other optical parameters, such as optical band gap. Recently we have related optical band gaps of various binary, ternary and quaternary oxide glasses to the polarizability (of cation) in terms of 1 À R m /V m , known as covalency parameter or metallization parameter [9, 21] . Generally, the covalency parameter ranges from 0.3 to 0.45 for highly polarisable cation containing oxides (such as Pb 2+ and Nb 5+ ), while for the alkaline and alkaline-earth (such as Na + , Li + ) oxides it falls in between 0.5 and 0.70. Although it is quite complex to correlate optical parameters of the present glassy systems with polarizability of oxide ions, due to the presence of halides, it is interesting to see the influence of cation (Na + and/or Pb 2+_ variation) polarizability on other independent parameters. Here, we attempted to correlate the influence of glass matrix properties on the optical properties of the dopant, that is Er 3+ ion. Since X 2 values are known to show dependence on covalent nature of host, we made a plot between X 2 values and metallization parameter (1 À R m /V m ) in Fig. 2B . Other phosphate glasses [23] [24] [25] [26] [27] [28] are also included in the plot for comparison. Interestingly, the X 2 values for present chlorophosphates are monotonically increasing with the metallization parameter and lie between 0.6 and 0.7, with comparatively high values of X 2 . Though with respect to metallization parameters they show more of alkali oxide nature, significantly higher X 2 indicates strong covalent nature, could possibly be due to the increased role of phosphate linkage, having more ions with respect to the sum of Judd-Ofelt parameters, P X k (k = 2, 4 and 6). Various other glasses are also incorporated (as filled symbols) for comparison [9, 21] . Dashed lines are guide to the eye and (B) Judd-Ofelt parameter Vs metallization parameter (1 À R m /V m ). Filled circles indicate present data points while the open circles are the data taken for various glass systems reported in Refs. [23] [24] [25] [26] [27] [28] . Dashed line indicates the trend of the data. double bonded oxygens (DBOs) coordinated to the rareearth ions [12] .
The near-infrared PL studies of Er 3+ ions for the transition 4 À3 with respect to 1540 nm transition, has also been observed. To observe any concentration influence on PL behavior, the PL measurements for the glass NPP20 doped with varied Er 3+ ion concentrations (from 0.5 to 4 wt%) were also performed (Fig. 3) . Though no peak shift has been observed, the broadness of the emission spectra did show considerably increasing trend (FWHM 43-62 nm) with the increase of Er 3+ ion concentration. These values are close to the values reported for other phosphate glasses [7, 26] . The emission broadness with the increase of Er 3+ concentration could be due to occupation of active ions in various sites of microscopic environment, results into more inhomogeneous broadening. However, observed broadness can also arise from self-absorption and radiation trapping processes [33] . To support such arguments, more experiments such as temperature and length-dependent emission are needed.
The PL decay behavior of 4 I 13/2 ? 4 I 15/2 transition for various glass compositions (with 1 wt% Er 3+ ) are shown in Fig. 4A . All the normalized experimental data, with respect to pump energy, are fitted with the function yðtÞ ¼ A expðÀt=sÞ b ; where the adjustable parameter b is found to be very close to 1 (ranging between 0.97 and 0.99) and s is the emission life time. All the decay curves in the present case convincingly follow a single exponential stretch and the PL life times obtained from the fittings are given in the Table 1 . Since the decay function is purely an exponential, the life times (s) are same as 1/e decay times. These values show a moderate increase with the increase of Na 2 O content, except for NPP10, and are generally lower compared to the values reported for other alkalinefree phosphate glasses [29, 30] .
To design an optical media for short optical amplifiers, it is essential to study the concentration quenching phenomena of rare-earth ion emission [29] [30] [31] . Concentration dependent emission quenching is mostly due to the nonradiative transfer of energy to closely neighboring nonexcited rare-earth ions, up-conversion and non-radiative relaxation [31, 32] . To demonstrate the effect of Er 3+ ion concentration on PL decay, we have attempted experiments on one of the glasses, NPP20 (Fig 4B) . Er 3+ ion concentrations 0.5, 1, 2, 3 and 4 wt%, were selected as doping in NPP20 and the estimated lifetime values from the PL decay are 3.8, 2.4, 3.2, 2.1 and 1.9 ms (±0.2 ms), respectively. Compared to the other alkaline-free phosphate glasses, present glassy systems show intermediate values and are close to the lead containing germinate glasses [29, 30] . Though the trends of concentration effect on life times are close to those reported for other phosphate glass [30] , present experiential values are very limited for a quantitative conclusion on quenching effects. We have also exposed these alkali chlorophosphate glasses to molten salts of silver and potassium salts at 300-350°C temperatures to verify the ion-exchange waveguide fabrication compatibility. Experiments are under progress and the preliminary results are suggesting the suitability of these glasses for such applications.
Conclusions
In conclusion, we have fabricated a new class of Erbium doped glasses with compositions xNa 2 O-(60 À x) PbCl 2 -40P 2 O 5 (x = 0, 10, 20 and 30). In general, all the glasses under study exhibit water resistant and weathering durability. The absorption spectra are analyzed for Judd-Ofelt parameters from the integrated intensities of various absorption bands. We have correlated hypersensitive nature of Er 3+ absorption transitions and metallization parameter of glass with Judd-Ofelt parameters to understand the effect of the glass network covalent nature. The photoluminescence and its decay behavior studies are made for all the doped glasses. The Photoluminescence broadness and life times of 4 I 13/2 ? 4 I 15/2 transition were typically in the range of 40-60 nm and 2.13-2.5 ms, respectively and show dependence on the glass composition and rare-earth ion concentration. By and large, these glass systems are capable of taking larger concentration of Erbium and showing their durability for optical applications. These results therefore, suggest that the present alkali phosphate glass systems could be suitable hosts for the optical amplifiers with an intake of more rare-earth ion concentrations than other phosphate glass systems.
